We study two types of polymer materials, poly(n-vinylcarbazole) (PVK) and starburst small-molecule 1,3,5-tris[4-(diphenylamino)phenyl]benzene (TDAPB), as the host for electrophosphorescent organic light-emitting diodes (PHOLEDs) doped with red-emitting phosphor tris(1-phenylisoquinoline) iridium (III) [Ir(piq) 3 ]. PHOLEDs employed a PVK and TDAPB blend as the host exhibited a maximum red light emission at a wavelength of 630 nm. The external quantum efficiency of 6.3% and power efficiency of 3.0 lm/W have been achieved. The electroluminescent (EL) spectra were not changed at high current and the luminance reached 8,800 cd/m 2 at the voltage of 13 V. We found that the roughness of the surface as estimated by means of atomic force microscopy (AFM) smoothened with increasing TDAPB doping concentration, and a slight exciplex emission between TDAPB and an electron transport material 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4,-oxadiazole (PBD) was observed at the wavelength of approximately 530 nm.
Introduction
Organic light-emitting diodes (OLEDs) and polymer light-emitting diodes (PLEDs) have attracted great interest because they are advantageous for thin film flat-panel display applications and can be easily fabricated using wet processes such as spin-coating and ink-jet printing. [1] [2] [3] [4] [5] The major research efforts on the application of PLEDs have focused on achieving the improvement of the emission efficiency and luminance by using phosphorescent materials. To achieve high efficiencies, the selection of a suitable host for the emissive dopant is necessary for the energy transfer from host to dopant. OLEDs utilizing phosphorescent dopants, called electrophosphorescent organic light-emitting diodes (PHOLEDs), have been significantly improved due to the collection of both singlet and triplet excitons. 6) The high efficiencies of red OLEDs doped with the phosphorescent dopant bis [2- 7, 8) In these studies, significant improvements in the external quantum efficiency were achieved due to the short phosphorescence lifetime. Recently, we have demonstrated efficient OLEDs using fac-tris(2-phenylpyridine) iridium (III) [Ir(ppy) 3 ] doped in methoxy-substituted 1,3,5-tris [4-(diphenylamino) phenyl]benzene (TDAPB). 9) We employed TDAPB as the host material because of its good hole transport characteristics and high triplet energy levels. TDAPB possesses the property of being resistant to crystallization due to its steric hindrance and its high glass-transition temperature.
10) Furthermore, it is possible to fabricate an excellent film by wet-processing methods such as spin-coating. PHOLEDs using TDAPB as the host showed the interesting result of having a low-voltage drive compared with PLEDs having the same film thickness. On the other hand, poly(n-vinylcarbazole) (PVK) is generally used as a host material for PLEDs because of its high triplet level for certain emissive phosphorescent complexes, and it has shown high external quantum efficiencies previously. [11] [12] [13] [14] [15] [16] In these studies, however, the host materials have been generally used only one kind of material to utilize the triplet energy transfer from the host to dopant. With two types of materials which can both be employed as the host, improvements of the efficiencies and luminance are expected due to the characteristics of each material, such as the energy transfer from the host-host to dopant and the confinement triplet energy in the dopant.
In this study, we used polymer PVK and starburst smallmolecule TDAPB as the host material for OLEDs, and the red phosphorescent material tris(1-phenylisoquinoline) iridium (III) [Ir(piq) 3 ] for the dopant, in order to improve device performances by utilizing the advantages of both the polymer and small-molecule materials. In addition, using the red phosphor clarifies the occurrence of the exciplex emission between the host and the carrier transport material. One of the reasons is considered to be that efficiencies decrease in OLEDs fabricated by means of wet-processing compared with devices fabricated by means of vacuum evaporation. In the case of OLEDs fabricated by means of vacuum evaporation, organic layers are separated into the emitting and carrier transport layers, indicating that an energy inactivation such as the exciplex emission between the host and carrier transport material should not occur because the host and carrier transport materials are included in the emitting and carrier transport layers, respectively. In devices fabricated by wet-processing, however, the host, emissive and carrier transport materials are doped in the same layer so such energy inactivation due to the carrier transport material should occur. We describe the efficient red PHOLEDs using two types of host materials and discuss the energy transfer in these devices. Figure 1 shows the molecular structures of the materials and the device structure. Organic layers were fabricated by spin-coating onto a glass substrate coated with a patterned indium-tin-oxide (ITO) electrode. The substrate was degreased with solvents and cleaned in a UV-ozone chamber. First, a PEDOT:PSS hole injection layer was spun over the ITO-coated glass substrate with a 35-nm-thick layer and baked in air at 120 C for 10 min. PVK and TDAPB were used as the host for the phosphorescent material Ir(piq) 3 . The emitting layer, which consisted of the host PVK and TDAPB, the dopant Ir(piq) 3 and an electron-transport material 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4,-oxadiazole (PBD), was dissolved in 1,2-dichloroethane. We fixed the weight ratios of the various materials Host:PBD: Ir(piq) 3 = 53.8:43.0:3.2. This means that the contents of PBD and Ir(piq) 3 were 80 and 6.0 wt% in the host, respectively. Also, the ratio of PVK and TDAPB in the host changed from 2:0 to 0:2. The host material containing PBD and Ir(piq) 3 was formed by a spin-coating method into 95-nm-thick layers. The solvent was removed by baking the samples in air at 110 C for 10 min after spinning. The cathode consisting of Cs/Al was deposited in vacuum at a base pressure of 10 À4 Pa. Finally, the device was covered with a glass plate and encapsulated with epoxy resin in an argon gas atmosphere to prevent oxidation of the cathode and the organic layer. The active device area of 4 mm 2 was obtained using a shadow mask. All measurements were carried out at room temperature.
Experimental
A N 2 laser with a wavelength of 335 nm was used as the excitation source for measuring the photoluminescence of each material. The electroluminescent (EL) spectra were measured using a photonic multichannel spectral analyzer (Hamamatsu Photonic, PMA-11). The current-voltageluminance (I-V-L) characteristics were obtained using a 2000 multimeter (Keithley), a regulated DC power supply (Kenwood, PW36-1.5AD) and a luminance meter (Minolta, LS-100). The external quantum efficiency was calculated from the luminance, current density and EL spectra under the assumption of the Lambertian spatial emission pattern. Figure 2 shows the absorption and photoluminescence (PL) spectra of thin films of each material. The PL peak wavelengths of PVK, TDAPB and PVK:TDAPB blend films are approximately 414, 447 and 440 nm, respectively. The peak wavelength of the PVK:TDAPB blend film which has the weight ratio of 1:1 is located between the PVK and TDAPB spectra. An absorption spectrum of Ir(piq) 3 with a peak at approximately 430 nm is assumed to indicate the metal-ligand charge transfer (MLCT) state of Ir(piq) 3 , because other studies using phosphorescent materials such as Ir(ppy) 3 , Btp 2 Ir(acac) and Ir(HFP) 3 7,8,17) have shown that the peak of the long wavelengths from 400 to 500 nm originates from the MLCT state. We calculated the overlap between the PL spectra of PVK and TDAPB, and the absorption spectrum of Ir(piq) 3 . The result indicates that the energy transfer from host to dopant will occur with greater likelihood in the PVK host system [PVK:Ir(piq) 3 ] compared with TDAPB [TDAPB:Ir(piq) 3 ] and PVK:TDAPB [PVK: TDAPB:Ir(piq) 3 ] The PL peak wavelength of PBD is located at approximately 392 nm showing a blue emission, while the emission from PBD was not observed in the EL spectrum. The PL spectrum of Ir(piq) 3 shows the red light emission at the wavelength of 630 nm with a slight shoulder peak at approximately 660 nm. Figure 3 shows the temperature dependence of the lifetime of 6 wt%-Ir(piq) 3 18)
Results and Discussion
The EL spectra of OLEDs with different host materials PVK, TDAPB and PVK:TDAPB, doped with 6 wt%-Ir(piq) 3 at a current density of J ¼ 0:25 mA/cm 2 , are shown in Fig. 4 . The emission peak was located at 630 nm with a slight shoulder peak at approximately 660 nm. The Commission Internationale de L'Eclairage (CIE) coordinates were (0.65, 0.34), which were similar to those previously reported using red phosphor Btp 2 Ir(acac).
8) The inset shows the exciplex emission at the wavelength of approximately 530 nm. The exciplex emission increased when the PVK was doped with TDAPB. This result indicates that a complex hole-electron pair should be formed between TDAPB and PBD molecules. In the emitting layer, we doped PBD as an electron transporting material in order to balance the injected carriers, because PVK and TDAPB have good hole transport characteristics without electron transport. Efficiencies and luminance increased to be approximately two times as large as those of nondoped PBD devices. However, the efficiencies decreased when the content of PBD for the host was more than 80 wt%. The reason is that the mobility of the electrons rises with increasing concentration of PBD, but the intensity of the exciplex emission between host and PBD was observed at the wavelength of 530 nm. We also compared two kinds of host devices without Ir(piq) 3 to confirm that the exciplex emission should mainly occur between TDAPB and PBD, though the exciplex emission was also slightly observed in the case of PVK devices. The device structures are ITO/PEDOT:PSS/PVK:PBD/Cs/Al and ITO/PEDOT:PSS/TDAPB:PBD/Cs/Al for PVK-and TDAPB-based devices, and the conditions including the thickness of the organic layer and the ratio of host:PBD are the same as those of Ir(piq) 3 -doped devices. The EL spectrum with a peak at 429 nm was observed for PVK host devices, exhibiting approximately the same peak compared with the PVK emission of 414 nm. In the case of TDAPB host devices, however, the EL peak is located at 519 nm. This green light emission was unlike with that of PVK and TDAPB, indicated the exciplex emission between TDAPB and PBD. In addition, the TDAPB devices exhibited a maximum luminance of 960 cd/m 2 which was approximately three times larger than that of the PVK devices of 340 cd/ m 2 . On the basis of measurements of the absorption spectra and the result from a low-energy photoelectron spectroscopy instrument (AC-1), the lowest unoccupied molecular orbital (LUMO) levels are 2.20, 2.09 and 2.15 eV for PVK, TDAPB and PBD, respectively. By comparing each level and considering what we described above about the EL spectra (Fig. 4) , the exciplex emission is concluded to occur mainly between TDAPB and PBD. The intensity of emission at approximately 530 nm due to the exciplex increased with increasing PBD concentration. Therefore, we fixed the level of PBD concentration to be 80 wt% for the host, considering the balance of the electron transport and exciplex emission. The exciplex emission is generated by intermolecular interaction between a molecule in the ground state and another molecule in an excited state. When the complex is formed by a donor type molecule (D) and an accepter one (A), the exciplex emission process can be schematized as
where h is the energy of the emitted photon and D Ã , D þ =A À , D and A stand for the excited donor, the charge transfer exciplex, the ground state of the donor and that of the acceptor, respectively. In our device, TDAPB behaves as a hole transporting donor and PBD as an electron transporting acceptor. The emission wavelength is due to the energy difference between the highest occupied molecular orbital (HOMO) levels of donors and the LUMO levels of acceptors. The exciplex emission from TDAPB and PBD is higher than that of PVK, but TDAPB is effective for employment as a hole transport material because of its high HOMO levels (5.29 eV). Mechanisms for energy transfer from PVK to Ir complex by a combination of hole trapping and hopping from the polymer have been reported. 11, 15) In our devices doped with TDAPB the energy transfer from the host to dopants is likely occurred by the same mechanisms because TDAPB is a hole transport material with similar characteristics to PVK. After direct exciton formation on the Ir complex [Ir(piq) 3 ], host materials with high triplet levels are necessary to confine the triplet excitons on the guest molecule. 2 at an applied voltage of 13 V for the devices with the weight ratio of PVK:TDAPB (2:1). This result shows that the injected holes and electrons were balanced when PVK:TDAPB was 2:1, because TDAPB was generally used as the hole transport material. PVK is also known as a hole transport polymer and the HOMO levels are 5.70 and 5.29 eV for PVK and TDAPB, respectively. Therefore, TDAPB has more intense hole transport characteristics than PVK does. Figure 6 shows the dependence of the external quantum efficiency-current density characteristics for different ratios of the host. The device with the PVK host exhibited a maximum efficiency of 5.2% at the luminance of 150 cd/m 2 .
In contrast, the device with the TDAPB host exhibited an efficiency that decreased to 3.8%. The decrease in efficiency of the TDAPB host device indicates that the injected carriers were imbalanced and the current in the device was dominated by holes. Because the TDAPB behaved as a hole-transporting material, the hole mobility was improved but there was not a sufficient number of electrons to recombine with the holes. The blended host device with the ratio of PVK:TDAPB (2:1) had the improved external quantum efficiency of 6.3% at the luminance of 450 cd/m 2 . The maximum power efficiency was 3.0 lm/W at the luminance of 57 cd/m 2 . These efficiencies are relatively high compared with those in other reports on red PHOLEDs. 8, 12, 13) All devices exhibited a gradual decrease in external quantum efficiency at high current density, which is due to triplet-triplet (T-T) annihilation. 17, 19, 20) We have also compared the surfaces of the PVK, TDAPB and blended (1:1) films including PBD and Ir(piq) 3 (weight ratio and thickness are the same as those for the emitting layer), which have been fabricated using the spin-coating method. All films were examined by means of atomic force microscopy (AFM) and were found to be homogeneous with no aggregates or scattering sites. The roughnesses are 0.43, 0.23 and 0.13 nm for PVK, TDAPB and blended films, respectively. The surfaces of the films became smoother with increasing TDAPB concentration. The relationship between the external quantum efficiency and the weight ratio is shown in the inset of Fig. 6 . The ratio of PVK:TDAPB is less than 2:1, and the surface of device is slightly rough ($0:4 nm). However, when the ratio of PVK:TDAPB is more than 2:1, the exciplex emission between TDAPB and PBD appears. Therefore, we conclude that the maximum efficiencies are obtained at the ratio of 2:1.
Finally, host materials with high triplet energy levels are necessary to improve the device performance in confining triplet excitons. In this system employing two kinds of host materials, other factors such as exciplex emission, surface roughness and carrier balance are important for improving the device efficiency.
Conclusions
We have demonstrated improvement in the efficiency and luminance of red PHOLEDs using two types of host materials and the spin-coating method for device fabrication. The external quantum efficiency and luminance was increased to 6.3% and 8,800 cd/m 2 , respectively, by blending two types of host, PVK and TDAPB, doped with red phosphor Ir(piq) 3 . The improvement of device performances can be explained as being due to a decrease in the roughness of the surface caused by the doping of TDAPB and the exciplex emission between host and carrier transport materials. The results in this study suggest that using two types of materials, polymer and starburst small-molecule materials, as the host of OLEDs allows for easy fabrication and the achievement of high efficiencies and luminance in simple device structures. 
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